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I. SUMMARY 920157

Pyrolytic materials were evaluated for construction of liquid propel-
lant thrust chambers. "The materials investigated included pyrolytic graphite,
boron nitride, zirconium carbide and hafnium carbide.

Initial and steady state stresses in free-standing pyrolytic graphite
motors were analyzed for several possible residual stress distributions and an ap-
proach to design optimization was studied. The strength of the heat treated pyro-
lytic graphite cylinders evaluated experimentally was increased by several different]
annealing cycles at temperatures between 2000°F and 3200°F.

Motor firing tests of 25 pound and 100 pound thrust chambers showed
boron nitride to be inferior to pyrolytic graphite in erosion/oxidation resistance
to combustion gases containing water vapor.

Comparative oxidation rate tests with plasma and oxy-acetylene torches
were performed on 15 pyrolytic materials, with lowest oxidation rates obtained on a
pyrolytic zirconium carbide - graphite alloy and on magnesium oxide. Twelve pyro-
lytic materials were tested at room temperature for compatibility with NoOy, 90%
HQOE, MMH and Aerozine 50; none were affected. Attempts to braze pyrolytic graphits
to Type 321 stainless steel were unsuccessful due to delaminations and fracture of
the pyrolytic graphite.

~ UNCLASSTFTED -1
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Free-standing pyrolytic graphite structures have also been considered
for re-entry nose cones and leading edges. During extensive testing and prototype
production, it was found that the anisotropy which is responsible for the material's
unusual properties also creates some special problems of a severity and complexity
which had not been foreseen.

With the close concurrence of these disappointing results in several
types of application, the earlier sentiment of extreme enthusiasm turned to one of
skepticism regarding the potentialities of pyrolytic graphite. However, the devel-
opment of new high temperature materials has been a slow process, with many false
starts recorded for every success. Therefore, with so few candidate materials for
use in very high temperature environments, it seems prudent to make a thorough,
even though slow, search for ways to utilize and improve the best properties of this
material while avoiding the consequences of its unfavorable characteristics.

Although intensive efforts had been made to use pyrolytic graphite
coatings in propulsion system combustion chambers, the possibility of using free-
standing pyrolytic graphite as the primary thrust chamber structure was at first
overlooked. The first experimental firing of such a thrust chamber was performed
at the Jet Propulsion Laboratory, California Institute of Technology, in 1961.
Shortly thereafter, similar thrust chambers were tested at Marquardt using liquid
propellants. Free-standing pyrolytic graphite chambers are particularly applicable
to liquid rockets for space propulsion systems, which are frequently designed for
system optimization to operate at chamber pressures of 150 psia or less.

The motor firings at Marquardt were part of a program, sponsored by
the National Aeronautics and Space Administration, to investigate analytically and
experimentally the feasibility and advantages of using free-standing pyrolytic
graphite or similar pyrolytic materials for a radiation cooled, liquid rocket thrust
chamber for operation in space.

During the first year's work, reported in Reference 1, two small free-
standing motors, with a throat diameter of 0.75 inch, were successfully tested at a
chamber pressure of 100 psia, using the propellants NQOM/0.75 NoHy-0.25 MMH. The
motors were made of an alloy of pyrolytic graphite containing a small amount of
boron, which at the time was thought to increase the strength and oxidation resist-
ance of the pyrolytic graphite. Throat erosion rates of about 0.2 mil/sec were
measured.

Although both of the free-standing chambers tested at Marquardt suc-
cessfully withstood a firing chamber pressure of 100 psia and a proof test pressure
of 135 psig, it had been found by JPL that the religbility of similar motors in
proof testing was marginal, which was attributéd to.the residuaisstrasset
existing in the free-standing chambers. Also, pyrolytic graphite was known to be
anisotropic, and the effect this condition would have on motor stresses and strength
during operation was not known.

"UNCLASSIFIED -
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Therefore, stress studies of free-standing motors were begun at
Marquardt, and progressed to the development of a method of analysis which would
be applicable not only to the analysis of residual stresses, but of operational
stresses as well.

Since the structural capability of free-standing pyrolytic graphite
motors might not be sufficient for all desired applications, several composite
motors were designed to permit use of some of the best properties of the material,
although with a sacrifice of part of the potential weight saving offered by the
free-standing concept. The composite designs were based on use of a nozzle ma-
chined in flat pyrolytic graphite disks, with the a-b plane normal to the motor
axis. Tests of several of these motors were partially successful but revealed prob-
lems of sealing and differential thermal expansion of the chamber elements.

In adddition to pyrolytic graphite, a number of other high temperature
materials have been made by the vapor deposition process, sometimes involving
pyrolysis of the source gas, other times involving reduction or reaction between
the source gas and the substrate. In any case, these materials were in a form
never before available, and their applicability to thrust chamber design was also
included .in the investigation. A number of the materials were tested for oxidaticn
resistance in a water vapor bearing plasms torch, and several free-standing motors
of pyrolytic boron nitride were purchased.

This report presents the results of a nine-month study which was a
continuation of the first year's work, and was directed toward the following ob-
Jectives:

1. BAnalysis of the structural capability of free-standing thrust
chambers fabricated from pyrolytic graphite and other pyrolytic
materials, and definition of the importance of mechanical proper-
ties in . determining their structural capability.

2. Investigation of the sources and possible remedies for the prob-
lems of residual stress in pyrolytic graphite.

5. Design, fabrication and test firing of complete liquid rocket
thrust chamber assemblies fabricated from the most promlslng
pyrolytic refractories.

In order to achieve these objectives the following program was con-
ducted:

1. Stress analysis of free-standing pyrolytic graphite motors was
performed to determine stresses in the combustion chamber and
nozzle throat walls for various loading conditions of residual
stress, initial motor firing and steady state motor firing. A
wide range of possible residual stress distributions were con-
sidered in order to establish whether or not the structural
capability of the motors could be improved by some optimization
of residual stress.
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2.

A program of experimental heat treating and structural testing
of free-standing pyrolytic graphite cylinders was performed to
investigate the possiblity of modifying the resiudal stresses
or increasing the strength of the cylinders. The results of
the testing program were examined for clues to the cause of
residual stress and the reason for the reduction of effective
strength of free-standing pyrolytic graphite cylinders, as com-
pared to the strength of flat specimens.

Motor firings of composite design and free-standing pyrolytic
graphite motors were performed. The free-standing motor had
a conical combustion chamber and expansion skirt, and was in-
tended to be an optimum design to minimize residual stress
and motor-injector attachment weight. Motor firings were
also made to test the oxidation resistance of pyrolytic boron
nitride in an actual combustion environment.

Ten pyrolytic materials were tested for oxidation and erosion
resistance in a plasma torch containing water vapor, and five
materials were tested in an oxy-acetylene flame.

The structural capability of these and other new pyrolytic
materials was evaluated by observing their brittleness and
structure. Two motors made of a new form of pyrolytic graphite,
known as Pyroid, were purchased and examined by X-ray.

The compatibility of twelve pyrolytic materials-in NoOy, » 90%
Hy05, monomethyl hydrazine and O.5-hydrazine-0.5 UDMH was de-
termined by room temperature immersion tests.

Attempts were made to develop techniques for brazing pyrolytic
graphite to stainless steel, which if successful would be very
useful as a light weight attachment between motor and injector.

UNCLASSIFIED
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III, STRESS ANALYSIS

A. General

A stress analysis was made of free-standing pyrolytic graphite motors,
using a cylindrical model to describe the combustion chamber and throat regions.
The method of analysis developed is applicable to other pyrolytic materials, such
as boron nitride, which have the same type of anisotropy as pyrolytic graphite.
However, all numerical results are for pyrolytic graphite which is the only material
which has demonstrated sufficient structural capability to date. No attempt was
made to analyze stresses in regions of greater geometrical complexity such as at-
tachment points or in the nozzle convergent region.

The stresses occurring in a free-standing pyrolytic graphite motor
were analyzed for three loading conditions, defined as follows:

1. Residual Stresses

These are the stresses which exist in pyrolytic graphite at room
temperature (approximated as O°F for convenience) before any pres-
sure or thermal stresses are imposed.

2. Proof Stresses

These are the stresses which occur in a motor at O°F after the
motor operating pressure 1s imposed, but before thermal stresses
due to motor operation have occurred. The circumferential proof
stress in the combustion chamber, usually the critical stress in
a free-standing motor, is closely approximated by the stress in
a combustion chamber during a static proof test. However, since
the throat is blocked during such a proof test resulting in
chamber pressure at the throat, the throat circumferential stress
during a proof test is greater than the throat proof stress as
defined here.

5. Operating Stresses

These are the stresses which occur in a motor during steady state
motor operation. The motor temperature distribution was taken to
be that which would result from the use of NQOM/OO5 NEHM“O°5 UUDMH
at an O/F ratio of 2.0 and a C¥* efficiency of 95%. The motor
temperatures for this propellant are typical of those for a number
of other propellants such as OpH,, Np0,/NJH,, and Ny0,/0.75 N.H) -
0.25 MMH. B

B. Residual Stresses

1. Anisotropic Stresses

Changes of uniform temperature in pyrolytic graphite cause stresseg
due to its anisotropic properties. These anisotropic residual stresses can be cal-
culated if the pyrolytic graphite is assumed to be stress-free at some temperature.

UNCLASSIFIED . -6 -
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Residual stresses in a pyrolytic graphite cylinder of thickness, t, and inside
radius, rj, are shown in Figures 1, 2, and 3 for stress-free temperatures of 2000°F
and 4000°F, the latter being approximately the deposition temperature. Extreme
values of the circumferential and axial stresses almost always occur at the cylinden
surfaces, while maximum radial stresses occur in the center of the cylinder wall.
Radial tensile stress at a given thickness-radius ratio is less during proof and
operation loading conditions than the residual stress, so only the residual radial
stresses are presented in this report. Since the residual stresses are automatical-
ly defined by the stress-free temperature, the various anisotropic residual stress
distributions will hereinafter be designated simply by their stress-free tempera-
ture.

2. As-Deposited Stresses in Cylindrical Combustion Chamber

Residual stresses which have been measured in cylinders are con-
siderably different than those predicted by anisotropic theory for any stress-free
condition. Residual stresses measured in pyrolytic graphite which has been de-
posited on a female mandrel are shown in Figures 4 and 5, for as-deposited material,
for material which has been annealed near 4O00°F, and for anisotropic material whicH
is stress-free at the deposition temperature. Male mandrels cause much greater
residual stresses than female mandrels, and hence are seldom used. Linear extrapo-
lations of the data points for the as-deposited material were used in defining re-
sidual stresses for the as-deposited material at other thickness-radius ratios.

The residual stresses defined by linear extrapolation will hereinafter be designated
as-deposited residual stresses. Other data, not shown, confirm the validity of a
linear extrapolation for circumferential as-deposited residual stresses on the in-
side surface, at least to a thickness-radius ratio of 0.09, and it is likely that
such an extrapolation is Justifiable for outside surface ¢ircumferential stresses.
However, the linear extrapolations of axial stresses can only be justified by the
lack of any better information, and subsequent conclusions regarding axial stresses
at thickness-radius ratios greater than 0.05 or less than 0.03 must be considered
tentative.

It is important to realize also that a certain amount of scatter
exists in the experimental data, so that the residual stresses in any particular
part might easily be as much as 2000 psi greater or less than the assumed as-
deposited distribution.

Two factors which have been hypothesized as causing the difference
between anisotropic and as-deposited stresses, are growth (variable lattice trans-
formation) during deposition, and stresses in growth cones (nodules) which are
always found in pyrolytic graphite.

a. Nodules

Nodules grow in pyrolytic graphite from irregularities on the
mandrel surface. It is predicted in Reference 2 that stresses due to the nodules
will be compressive on the inside surface and tensile on the outside surface of
cylinders deposited on female mandrels. It is also predicted in Reference 2 that
the magnitude of nodule stresses will be greater on the outside surface than on the
inside surface. Some data were presented in Reference 2 which are consistent with
these predictions and partial confirmation can be obtained from Figures 4 and 5 by
determining the increment from anisotroplc stresses to as-deposited stresses, as
tabulated below:

—TNCIASSTFIED e
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AS-DEPOSITED RESIDUAL STRESS
MINUS ANISOTROPIC RESIDUAL STRESS

Axial Circumferential
t/ri 0.03 0.05 0.03 0.05
Inside -3T750 -2720 -3200 -2570
Outside +4140 +2840 +3220 +3020

The signs of the stress increments tabulated above conform
with the predictions of Reference 2 but the magnitude of stress on the outside sur-
face is significantly greater than the stress on the inside surface in only two of
the four cases tabulated above. The nodule stresses have not been equated gquanti-
tatively with the difference between as-deposited and anisotropic stresses. Also,
nodules are usually unevenly distributed through pyrolytic graphite, and it is
quite possible that stress concentrations exist at some nodules which are much
greater than the magnitude of stress indicated by the data tabulated above.

b. Growth

Pyrolytic graphite permanently changes its dimensions when it
is exposed to temperatures above LOOO°F, with elongation in the a-direction and
contraction in the c-direction. The rate and total amount of growth increase with
temperature. Also, a small amount of growth occurs below 4000°F. It has been sug-
gested that pyrolytic graphite grows during deposition, so that the material de-
posited first will have a longer time for growth than that deposited last, leading
to stresses within the material. However, an analysis of the stresses due to the
growth effect, with material thickness a function of time, has not been accomplished
Therefore, the difference between anisotropic and as-deposited stresses cannot def-
initely be correlated with growth at the present time. 1In addition to the diffi-
culty of developing a method of analysis, the effects of stress, temperature and
time on the rate and ultimate amount of growth are not known. References 3 and L
discuss the advisability of using an empirical method to investigate the effect of
growth during deposition. However, no results based upon this approach have been
published. ’

Stresses due to growth after deposition can be calculated by
methods similar to those used in calculating residual stresses due to cool down.
The results of such calculations are shown in Figure 6. Growth in the a-direction
was assumed to be 0.5, 1.0, and 2.0%, while the contraction in the c-direction was
twice the amount of a-direction growth. Figure 6 shows circumferential stresses
which are tensile at the inside surface and compressive at the outside surface.

The amounts of a and c-direction growth used in the calculations are representative
of the growth reported in Reference 3 for annealing near L4O00°F. At higher tempera
tures, the ratio of c-direction contraction to a-direction growth is about 3 or L, T
which increases the growth stresses even more.

UNCLASSIFIED -8 -
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3. As-Deposited Stresses at Throat

Some of the factors which have been hypothesized as contributing
to as-deposited residual stresses in cylinders have been discussed above. However,
the geometry of the throat region of a free-standing motor is even more complex,
and predictions of stresses here are difficult because of the undertain effects of
the mandrel on the throat and the effects of the throat geometry on anisotropic
stresses due to uniform temperature changes or temperature gradients. This un-
certainty is particularly true of axial stresses in the throat, which will be most
affected by the convergent-divergent geometry.

Nearly all of the free-standing chambers which have been built to
date have had a conventional throat geometry of a C-D nozzle, with a contraction
ratio of about 4 and a radius of curvature about equal to the throat diameter. A
simple model for analyzing throat stresses has been suggested by one of the major
pyrolytic graphite manufacturers. This model assumes that the effect of the throat
curvature on the axial stress can be accounted for by superposition of the stresses
in a hypothetical cylinder shown in Figure T, positioned so that its outside sur-:
face coincides with the inside surface of the nozzle and its inside surface coin-
cides with the outside surface of the nozzle.

One experimentally measured value of axial residual stress was ob-
tained from the Jet Propulsion Laboratory, California Institute of Technology. The
stress was for the outside throat surface of a C-D nozzle which had a radius of
curvature equal to the throat diameter. In order to correlate these dats with
analytical methods, three conditions of residual stress behavior, were defined, all
based on a radius of curvature (i.e., radius of the hypothetical cylinder) equal to
the nozzle throat diameter. The three conditions are defined as follows:

Condition 1

Axial stresses equal to those of an as-deposited cylinder with the
throat thickness-radius ratio. No effect of hypothetical cylinder|

Condition 2

Superposition of axial stresses of an as-deposited cylinder with
the throat value of thickness-radius ratio, plus circumferential
as-deposited stresses for the opposite surface of the hypothetical
cylinder having half the throat thickness-radius ratio (Figure 7).

Condition 3

Superposition of axial stresses of an as-deposited cylinder with
the throat value of thickness-radius ratio, plus circumferential
stresses for the opposite surface of the hypothetical cylinder,
stress-free at 4000°F, and with half the throat thickness-radius
ratio (Figure 7).

UNCLASSIFIED -9 -
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Condition 3 seems to be the most logical assumption. It implies
that the increment between anisotropic residual stresses and as-deposited residual
stresses, whether it be due to nodules, growth or whatever, need only be applied
once at the surfaces of the motor, and that the additional effect of the hypothetical
cylinder can be explained strictly in terms of its anisotropic behavior when heated
or cooled. This type of behavior has been assumed throughout the report in calcu-
lating operating stresses. That is, the operating stresses are the result of super-
position of stresses due to anisotropic material behavior when heated from O°F to
the operating temperature distribution, plus the residual stresses, whether they be
theoretical for some assumed stress-free condition or the as-deposited residual
stresses.

The calculated axial residual stresses at the throat are shown in
Figure 8, together with the single experimental data point. Good correlation with
Condition 3 is shown. Therefore, although a single data point obviously does not
completely resolve such a complicated situation, Condition 3 behavior was assumed
for the throat axial residual stresses.

C. Proof Stresses

l. Combustion Chamber

Proof stresses in the combustion chamber are shown in Figures 9
through 15 for several assumed residual stress conditions.

It is seen that an optimum thickness-radius ratio exists for each
residual stress condition and each chamber pressure, at which the proof stress is a
minimum. (The obvious exception is for O°F stress-free motors, which by definition
will experience only pressure stresses, which steadily decrease with increasing
thickness-radius ratios.) If the thickness-radius ratio is decreased from the op-
timum value, the stress will increase because of the pressure stress; if the ratio
is increased from the optimum, the residual stress will increase more rapidly than
the pressure stress decreases, so that again the total of the two will increase.
The circumferential proof stress at the inside of the combustion chamber for the
optimum thickness-radius ratio is shown in Figure 16. It is seen that the minimum
possible stress increases steadily with chamber pressure, implying that a free-
standing pyrolytic graphite motor will have a maximum permissible chamber pressure,
which cannot be increased by making the wall thicker.

Figure 16 also shows a cross-hatched area which is an estimate of
possible scatter for as-deposited residual stresses. One of the most important con-
clusions to be drawn from Figure 16 is that the as-deposited residual stress con-
dition is more favorable for proof loading than if the material followed the theo-
retical predictions for 3000° and LOOO°F stress-free material. The fact that the
as-~deposited residual stresses are so favorable is just a fortunate coincidence at
the present time.

UNCLASSIFIED - 10 -
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2. Throat

Circumferential proof stresses in the throat are shown in Figures
17 and 18. Axial proof stress in the throat is not shown since it is more compres-
sive than the residual stress, due to the motor thrust on the expansion skirt during
firing.

D. Operating Stresses

Operating stresses in the motor throat and combustion chamber were cal-
culated for steady state motor wall temperatures shown in Figures 19 and 20. A
linear temperature gradient from the inside to outside surface was assumed.

1. Combustion Chamber

Circumferential operating stresses for stress-free conditions of
0, 2000 and 4O00°F are shown in Figures 21 and 22. Motor operation is the only
loading condition found in this study to cause maximum circumferential stresses in
the interior of the wall. The stresses plotted are the maximum tensile stresses,
regardless of where they occur. Axial operating stresses for the assumed stress-
free conditions are much less than the circumferential stresses and are not shown.
It is shown in Figures 21 and 22 that the operating stresses, unlike residual and
proof stresses, are a function of the radius as well as the thickness-radius ratio,
as indicated in Figure 23 which shows combustion chamber wall temperatures for in-
side radii of 1 and 2 inches.

Axial operating stresses for the as-deposited residual stress dis-
tribution are of the same magnitude as the circumferential stresses as shown in
Figures 24 and 25. The slight dependence of the operating stresses on radius as
well as thickness-radius ratio is again shown in Figure 26.

2. Throat

: Circumferential operating stresses at the throat are shown in
Figures 27 and 28. Axial operating stresses, shown in Figures 29 and 30, consist of
stresses due to operating temperature and pressure, plus superimposed axial residual
stresses, which are considered to be those of Condition 3 in Figure 29 and Cocndition
L in Figure 30. Condition 4 was defined as being stress-free at 0°F, that is, no
residual stresses. It is seen that if a O°F stress-free condition could be achieved,
the axial operating stresses would be much less than for Condition 3 as-deposited
residual stresses.

E. Combustion Chamber Stress Summary

It is evident from the results presented that the various possible
residual stress distributions have a pronounced effect on the loading condition
which produces the maximum tensile stress. This relation is better seen by compar-
ing the summary of important combustion chamber stresses at 150 psia for stress-free
material, presented in Figures 31 through 33, with the stresses for as-deposited
material, presented in Figure 34. For O°F stress-free material, the operational

MAC ACT3
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stress is much greater than the proof stress. This relation changes progressively
as the stress-free temperature increases, so that for LOOO°F stress-free material,
the proof stress is much more important than the operating stress. For as-deposited
material, the axial stresses, which are unimportant for the various stress-free as-
sumptions, become of comparable magnitude at some thickness-radius ratios. Opera-
tional stresses exceed proof stresses in as-deposited material at thickness-radius
ratios less than about 0.07, but the proof stress is much greater at larger ratios.
However, in comparing operating and proof stresses, the importance of the assump-
tions of constant material properties must be considered. As will be shown later,
the most important elastic constants are the modulus of elasticity in the a-direc-
tion and the thermal expansion coefficient in the c-direction. For residual and
proof stresses, material properties are needed only between 0° and 4000°F, and the
assumed average values of the elastic constants are valid. For the operating
stresses, however, part of the wall is over 4OOO°F, and the modulus of elasticity
starts to decrease rapidly at this temperature, which would tend to decrease
stresses. Furthermore, the thermal expansion above 4O00°F is complicated by the
simultaneous occurrence of growth, which might tend to increase stresses. In view
of these factors, the calculated operating stresses cannot be considered as ac-
curate as the residual and proof stresses.

The question naturally arises as to what residual stress condition
would be optimum for the combustion chamber to best meet all three loading condi-
tions. From Figures 31 through 34, and considering optimum thickness-radius ratios
in all cases to reduce the stress as much as possible, it can be seen that both
materidl with a stress-free temperature of 2000°F, and material with as-deposited
residual stresses, would have an optimum stress of TOOO psi. Material stress-free
at WOOO°F would have an optimum stress of 8100 psi, and material stress-free at O°F
would have the highest optimum stress of all, 9300 psi. Therefore, the condition of]
zero residual stresses, which one might think would be the ultimate goal, is actual-
ly the worst of the four residual stress conditions considered, at least for the
combustion chamber. Of course, the analysis has used constant material properties,

and the operating stresses in particular are probably conservatively high. But the
principle conclusion can still be drawn that there is not any unusual advantage to

any of the residual stress conditions assumed. A hypothetical residual stress dis-
tribution could possibly be specified which might permit lower stresses at the op-
timum thickness-radius ratio, but this has not yet been done. Furthermore, methods
of achieving any particular residual stress condition desired do not presently
exist.

F. Throat Stress Summary

Important throat stresses are shown for a O°F stress-free condition in
Figure 35 and for as-deposited (Condition 3) material in Figure 36. The operational
stress exceeds the proof stress for O°F stress-free material, just as it does in the
combustion chamber. For the as-deposited material, proof stresses are greatest at
large thickness-radius ratios, and proof or residual stresses are close to the maxi-
mum (operational) stresses at small thickness-radius ratios. Again, the optimum
stress for as-deposited material would be slightly less than for O°F stress-free
material, but there is not encugh difference to make one much preferable to the
other. '

———
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G. Methods of Analysis

1. General Solution

The stress analysis results were obtained from a digital computer
program for the general solution of the stresses in the center of an infinitely
long cylinder, using cylindrical coordinates r, &, and z. The c-direction of the
pyrolytic graphite is parallel to the radial direction r, and the a-b plane of
pyrolytic graphite is concentric with the cylindrical planes containing the axial
direction z and the circumferential direction &~ Perfectly elastic material be-
havior was assumed, with axially symmetric temperature and internal pressure.
Axial plane strain exists in such a cylinder, and all shear stresses and strains
vanish. Pyrolytic graphite is a transversely isotropic material with the axis of
symmetry in the c-direction. Therefore, the generalized Hooke's law can be written
as follows:

€ e 51106t 51207z + 513 Opp 94T (1)
€22 = 810%6t 5119722 * 513 Opp * T (2)
€rr = 813% 6t 51395 * 833 Opp t, T , (5)
oo -
&6 clles—ej c12€zz + Cyz € '7&9? (k)
0oz = C12%6F ©13€22 * %13 € rr "6t (5)
Oy = 0156&0-!; cy3 €,, + 33 € pp -}rr'I' (6)
Where
T = Temperature increment from some reference stress-free state
13 = BElastic compliances
cij = Elastic stiffnesses
°Cij = Coefficients of thermal expansion

7ﬁj = Thermal stress coefficients

= Strain
€,
O~ . = Stress
1d

The system of symbols and subscripts is the same as used in Reference 1 and is ex-
plained in Reference 5.
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The thermal stress coefficients 7% can be written in terms of
the stiffnesses (Reference 5) as follows:

%@f (eq + c1p) Gt 013 (7)
7\1‘1‘ =z c15°<9'9i c35 oc;\:'r (8)

The stiffnesses can be written in terms of the compliances (Reference 5 as follows:

iy * Cpp = 835/Xl (9)
i+ Cyp = l/(sll - 512) (10)
°13 = - 513/%) (11)
°55 = (519 + 53,)/%) | (12)
where
— 2
X = 83 (591 + 812) -2s 13 (13)

The compliances can be defined in terms of the following conven-
tional elastic constants (Reference 5):

5., = %; (14)
853 = E—l5 (15)
. %.2. (16)
13 = ’)';'1‘1'5’ ' | (17)

For this problem, the equilibrium equations reduce to the follow-
ing (Reference 6):

d o o1 -0
rr . rr O -0 (18)
dr r
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The strain displacement equations are as follows:
d
€rr = @ (19)
and
- u
Cod 7 (20)

where u = radial displacement.

By substituting from the stress-strain equation, and denoting the
constant axial strain by 05’ we can get the following differential equation:

d®u  ldu Cj3u _ (P pp- }&QT - (015’012)95 . Trr ar

—+ == (21)

dre r dr C33 re Cz3 T Czz dr
The derivation of a comparable equation, using a different axis of symmetry, is
presented in Reference T.

If we let
c
2% = %11 (22)
€33
and let
- T (cqs = cqz) C
¢___7\rrc>‘q.s- ;+?rr%§+_.l_2_c___}.5_._x.? (23)
33 33 35
the solution to Equation (21) can be written as follows:
A -
u=(C) + V) r+ (Cy+ V) A (2k)
where Cl and Co are constants of integration, and
~A+1
v, = i Jr g ar (25)
_ 1 A+] ‘
VE"Q—KJr ¢ ar (26)
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A linear radial temperature gradient of the following form:

T=a +ar (27)
was assumed, and by combining Equations (23) through (27) an equation for u can be
obtained. Then, by use of Equations (19) and (20), Equations (4), (5) and (6) can
be written as follows:

Aol Aol D(c,q + cqz)
O;_g'_—‘ (cll + A 013) Cl r + (cll"A 013) 02 r +[C:|.2 + li_AE = ] 05
(28)
(c)p*erg)Ba,  (eqy¥2e;5)(BeC)ayr | x
-2 b - A2 Tee ol e
AL, -a-1 |, Dlegp *eps)
o, = (‘312"" A c15) C, r + (012—A clB) Cor + [cll + —3 ) 05
: ) (29)
. C12+c13 Ba, s (012"‘2013)(B+C)a]_r a
1 - A2 b - A2 Tee %o ety
D(cqz + Czz)
A-l “A-1 13 33
(ergtess)Ba,  (oy5+2e55) (BiC)ayr (0)
7 + r 22 = I'pr 85 - -}rr ayr
Where
B = 7\1‘1‘ }te, (51)
€33
7\1'1’
o . (32)
€33
€12 - %13
p. X (33)
33
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If complete axial restraint is assumed, Cz = 0, and only the two constants of inte-

gration Cq and Co must be evaluated, which can be done by specifying the radial
pressure o—._ at the inner and outer radii, and substituting into Equation (30),
getting two equations in two unknowns.

For a finite axial strain, 05 will not be zero, and must be ob-
tained from the boundary condition as follows:

T

o FZZ '
//ﬁ Oy T OF = 50 (34)
i
where F,, is the axial load, which must be specified. Integration of Equation (34)

after substitution for o from Equation (29) leads to the following:

A+l A+l =A+1 -A+1
H (r, -ry ) Cy+Hy (g - ry ) + Hy (roz-riz) Cs
F (35)
7.7
'|‘H5 (I‘5 -I'iB) +Hu (I‘oe -I‘ig) =§—,—7r
Where e + Ac
_ 12 13

Hl— A+ 1 (56)

Cip - Acl
H, = S (37)

- A+ 1

6c12 + 2c15)(B+C)al - Z;e> al(h - A9)

H, = 5 (38)
3 (4 - A%)
2

(cqp + clj) Ba - C;SL a, (1 - A )

H), = = (39)
2 (1 - A7)

c (cqip + c72) D

goo okt 12 13 (10)

> @ 2 (1 - A2)

Equation (35) together with Equation (30) evaluated at the inner and outer radii
provide three equations for determination of the three unknowns C,, 02 and C5° The

stresses are then evaluated from Equations (28), (29), and (30).
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2. Effect of Axial Load

If complete axial restraint is assumed, the analysis is simplified
to the solution of two equations in two unknowns. This method was used in the pre-
vious work (Reference 1) for hand calculation of stresses due to a radial tempera-
ture gradient in a thin walled pyrolytic graphite cylinder, assuming that circum-
ferential stresses are not affected by the resultant axial load. Although exact
only for isotropic materiais, it has been shown by use of the digital computer pro-
gram that there is practically no effect of axial stresses on circumferential
stresses for the linear radial temperature gradients considered. There is a some-
what greater effect on residual stresses, as shown in Figure 37. Circumferential
proof stresses on the inside surface of a cylinder are shown to be indistinguishable
for zero end load and an end load which would exist in a combustion chamber with a
contraction ratio of 4.0 and an expansion coefficient of 1.89. The effect of com-
plete axial restraint is negligible for small thickness-radius ratios and gradually
increases to as much as T% at a thickness-radius ratio of 0.2.

The axial load effect is much more important for axial stress, of
course, particularly for thin walls. The following expression can easily be de-
rived for the axial load on the cylindrical portion of a combustion chamber of &
free-standing motor for which all thrust is transmitted to the injector head, which
is the usual situation for free-standing motors:

C
F,, = PA, (1 - éf) (41)
Where
Pc = Chamber pressure
A, = Chamber cross sectional area
CF = Nozzle expansion coefficient
EC = Chamber contraction ratio

Equation (41) should be used with caution for contraction ratios near 1.0, in which
case certain simplifying assumptions usually made in evaluating the expansion coef-
ficient are not valid.

Axial stress in a combustion chamber is shown in Figure 38 for zerd
end load (€c = CF), and for an end load due to a contracfion ratio of 4.0 and an ex-
pansion coefficient of 1.89. A large decrease in axial stress can be achieved in
very thin walls by using a zero axial load.
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3. Elastic Constants of Pyrolytic Graphite

The motor stresses were calculated using the following values of
the elastic constants:

Ey = 4.0 x 108 lb/in.2

1.5 x 10° 1b/in.?

]

Bz
= ‘0015

1.0 x 10° in./in.°F
6

Vi,

'015 = 0.9
Xoo
°<rr

= 14.0 x 10° in./in.°F

The importance of the numerical accuracy of each of the elastic
constants was investigated by calculating the residual stress at the inside surface
of a cylinder with a thickness-radius ratio of 0.08, assuming no end load and a
4OOO°F stress-free condition. The value of each constant was varied within limits
established by compressibility and strain energy criteria given in Reference 1,
keeping all other constants at the nominal values listed above.

a. Modulus of Elasticity in c-Direction

The c-direction modulus was found to be unimportant, as shown

below:
E3 OELGL
0.5 8367
1.0 838k
1.5 8389 (nominal value)
2.5 8396

b. Modulus of Elasticity in a-b Plane

The modulus in the deposition plane is of dominant importance,
as would be expected.

Eq o

6-6-
2.5 52L6
4.0 8389 (nominal value)
5.0 10,483
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c. Poisson's Ratio in a-b Plane

The absolute magnitude of Poisson's ratio in the deposition
plane can be important in establishing residual stresses.

))12 O6e-

0.5 10,923

-0.15 8389 (nominal value)
0.2 8545

d. Poisson's Ratio in a-c Plane

The ratio of contraction in the c¢-direction to elongation in
the loaded a-direction is not important, as shown by the following results:

Vi S
0.5 8390
0.7 8390
0.9 8390 (nominal value)

e. Coefficient of Thermal Expansion in a-b Plane

Quite large percentage changes in the coefficient of thermal
expansion in the a-b plane are possible with only moderate effect on the residual
stress:

oC o

e-6- [=3=8
0.5 x 10‘6 8712
1.0 x 107° 8389 (nominal value)

2.0 x 1070 T4k
5.0 x 100 6453

f. Coefficient of Thermal Expansion in c-Direction

The coefficient of thermal expansion in the c-direction has a
strong effect on the residual stress.

Xrr oo

T x 1076 3872
10 x 1076 5808

1 x 1076 8389 (nominal value)
18 x 1070 - 10,971
21 x 1070 12,907
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4. Simplified Equations

Some of the stresses in pyrolytic graphite can be calculated with
good accuracy by the use of several simple equations given below.

a. Pressure Stresses

Circumferential stress in a thin pyrolytic graphite cylinder
with 150 psig internal pressure and zero axial load was calculated for a range of
thickness-radius ratios. The results are tabulated below:

Circumferential Pressure
x Fry , Stress, : % 6o, Inside
Ty 'ET' InS}de Outs;de yy;7%
(psi) | (psi) - (psi)
0.05 | 3000 3093 2912 1.031
0.10 | 1500 1598 1412 1.065
0.15 1000 1103 912 1.103
10.20 750 858 663 1,144

A good approximation of the pressure stresses in thin pyrolytig
graphite cylinders can be made by use of the following simple hoop tension equationj

Pr,
PO '{i (42)

b. Residual Stresses

A simple equation for circumferential residual stresses is
given in (2).

B, (X - Xgea) Tt

1 &
S — 5 — (43)
2 (1 - Uy~) r

i

This equation gives good correlation with the anisotropic
tensile stresses on the inside surface and compressive stresses on the outer sur-
face, but cannot be used for radial temperature gradients. The relative importance
of the various elastic constants as previously discussed is consistent with Equa-
tion (43). Another method of calculating residual and thermal stress is presented
in Reference 8.
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H. Effective Strength of Pyrolytic Graphite

The tensile strength of pyrolytic graphite in the a-direction, based
on tensile tests of flat specimens, is shown in Figure 39. Strength at room
temperature of well over 10,000 psi is indicated, based on the applied load and the
cross-sectional area.

Strength of pyrolytic graphite tubes, on the other hand, has generally
indicated failure under circumferential pressure stress, in the a-direction, of
about 2000 to 4000 psi. If the estimated residual stress in as-deposited cylinders
is added to the pressure stress, a total stress at failure of 6000 to 8000 psi is
indicated. It is recommended that a tensile strength in the a-direction of 8000
psi be used when estimating the structural capability of free-standing motors. It
is probable that the strength of pyrolytic graphite tubes increases with tempera-
ture in the same way as the strength of flat samples shown in Figure 39, but this
has not been proven. However, it has been observed that free-standing motors
operate quite successfully at chamber pressures which frequently cause failure dur-
ing proof tests at room temperature. This can probably be attributed to either the
increase of strength at elevated temperature, or the fact that proof stresses usual-
ly exceed the operation stresses, which is generally shown by the stress analysis.

Compressive strength in the a-direction is not well established, but
experience indicates that it is probably greater than tensile strength, since most
failures are tensile, and it is known that compressive stresses of comparable mag-
nitude often exist on the opposite face of a cylinder. Because of this, very few
compressive stresses have been presented from the stress analysis.

Tensile strength in the c-direction is about 500 psi at room tempera-
ture and drops to very low values at elevated temperature. However, the operating
radial stresses are compressive and compressive strength in the c-direction is very
highy so that the most critical radial stresses are residual stresses.

I. Discussion of Stress Analysis

Free-standing pyrolytic graphite motors have been shown to be marginal
for operation at chamber pressures up to 150 psia, based on a strength of 8000 psi
for cylinders, and a combustion temperature near 5000°F. However, the range of per-
missible thickness-radius ratios is rather small for this strength, and could be
increased considerably by a strength of 10,000 or 12,000 psi. An increase of
strength to this amount might well be possible, since flat pyrolytic graphite is
this strong or stronger.

It was found that overall capability of the material was not greatly
different for any of four widely different residual stress conditions; in fact,
the type of residual stress commonly encountered (as-deposited material) is some-
what more favorable than various idealized residual stress states. This is due to
the anisotropic nature of pyrolytic graphite, and it has not been found possible to
reduce the extent of this anisotropy up to the present time.
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The most effective way to reduce the anisotropy would be by reducing
the coefficient of thermal expansion in the c-direction.

An increase in thermal conductivity in the c-direction would also be
beneficial since lower inside wall temperatures would result, with a reduction in
oxidation rate. Operating stresses would also be reduced in many cases. The low

c-direction conductivity is one of the great advantages of pyrolytic graphite for
many applications, but is not advantageous for a free-standing motor.

It should be noted that the motor stresses are dependent mostly on the
ratio of wall thickness to inside radius. This means that large and small motors
are equally feasible; in fact, the larger the motor size the thicker the wall could
be made, so that a finite erosion rate would have less relative effect on larger
motors.

Free-standing pyrolytic graphite motors may well be feasible for ad-
vanced ligquid propellant systems which have flame temperatures near 6000°F. 1In
fact, some of these systems, such as FQ/HE, would probably erode the pyrolytic
graphite less than the hypergolic systems which produce water vapor. Although
operating stresses would be expected to increase with combustion temperatures, a
meaningful evaluation of stresses at these high temperatures would necessitate in-
clusion of the temperature dependency of material elastic properties in the analysis
Growth rates would be so great near 6000°F that growth stresses during motor firing
would also have to be included in the stress analysis. The limitations on struc-
tural capability resulting from the combination of growth at 6000°F and the low
elastic modulus at 6000°F are not immediately apparent. In fact, growth data from
Reference 9 show that growth rate increases rapidly at temperatures of about L300°F
and becomes enough to affect motor stresses of the present analysis within several
minutes. Referring to Figure 23, it can be seen that growth could begin to affect
the present analysis for thickness-radius ratios above 0.06.
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IV, RESIDUAL STRESS TEST PROGRAM

‘ A program of annealing and testing of pyrolytic graphite cylinders
was conducted to determine the effect of annealing on the residual stresses and
strength of the cylinders. Previous annealing done by the major manufacturers of
pyrolytic graphite was limited almost exclusively to anneal temperatures above
LOOO°F. It has been shown both experimentally (Figures 4 and 5) and theoretically
(Section III) that growth which occurs above LOOO°F after deposition increases the
circumferential residual stress on the inside surface of cylinders, which is usually
the critical residual stress. This effect explains the results reported in Refer-
ence 10, which show a reduction of rupture strength of cylinders annealed above
LOOO°F. Therefore, it appeared more promising to anneal at intermediate tempera-
tures in the range of 2000° to 3000°F.

Twenty-six tubes were manufactured by High Temperature Materials, Inc.,
with identical deposition conditions and mandrel design. Each tube was 4 inches
long, taken from the center of an 8 inch long tube. The internal diameter was 2
inches, the wall thickness 0.060 inch + 0.000 - 0.005. Each tube was machined on
the mandrel side to a depth of 0.003 to 0.005 inch. Any additional machining to
meet thickness tolerances was done on the inside surface. The amount of machining
done on each tube can be judged from the wall thickness as deposited, listed in
Table I. Six tubes were tested by High Temperature Materials, Inc. without anneal-
ing, and twenty tubes were annealed by Marquardt before being returned to HTM for
testing. The tubes were annealed in pairs, so that one tube could be used to de-
termine the effect on strength, and the other the effect on residual stresses.

The following three annealing facilites were used:

1. The Marshall furnace zirconia tubes electrically heated

2. The Curtiss-Wright furnace with graphite tubes heated by
graphite resistance elements

3. Radiant heater tubes placed in axial symmetry inside the
pyrolytic graphite tubes

A1l three facilities were purged with helium or argon. Negligible oxidation oc-
curred in the Curtiss-Wright furnace. However, small amounts of oxidation of
pyrolytic graphite occurred in the Marshall furnace and the internal radiant heater.

The anneal history for each tube is given in Table ITI. The radiant
heater facility was automatically controlled so that the inside surface temperature
rose to 2000°F at the rate of 2000°F per minute, after which the inner surface was
maintained at 2000°F for 2 minutes, followed by cool down. It took 2 or 3 minutes-
to cool down before the next cycle.
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A. Pressure Rupture Test Results

The results of pressure rupture tests are given in Table III. Al-
though some variation exists among tubes with the same heat treatment, some trends
are obvious. First, three of four as-deposited tubes ruptured at a low pressure,
lower in fact, than had been expected, based on previous experience with somewhat
similar pyrolytic graphite parts. Second, there is a consistent improvement in
strength with increasing number of cycles of internal radiant heating. Annealing
at 2500°F also is effective in increasing strength. The effect of 3200°F anneal is
difficult to ipterpret; seven hours was apparently beneficial while 25 hours was
ineffective. There is some possibility that growth occurred during the tests at
3200°F at a very slow rate, but enough to counteract the effect of strengthening
for the longer test. The temperature at which growth begins, if indeed there is
such a threshold, is not known. The lowest temperature for which growth data is
available is 3450°F (Reference 9). Growth of 0.09% in the a-direction and 0.3%
in the c-direction was reported for 1 hour anneal.

As discussed earlier, it is thought that growth tends to increase the
circumferential tension on the inside surface, reducing the pressurization strength
However, cne test was performed at temperatures above 4OOO°F to get comparative
data. The rupture pressure of a tube (No. 15) cycled seven times in a 7 hour
period between 2500° and 4500°F was one of the lowest of the heat treated tubes al-
though higher than three out of four of the as-deposited tubes. The second tube
(No. 16) failed when bumped slightly after anneal, with a straight longitudinal
crack indicating tension on the inside surface.

B. Residual Stress Results

Results of the residual stress tests:are shown: iniTable IV. 'The
stresses were calculated by High Temperature Materials, Inc. from strains recorded
by rosette strain gages. Two gages were attached on the inside and outside surface
0.5 inch from one end, and two were attached in the center of the tube. The speci-
mens were cut with a hand saw to as small a square area containing the gages as was
convenient. It was assumed that all residual strains were then relieved, so that
the indicated strains were the negative of the residual strains. The residual
stresses were then calculated by the following equations (given by High Temperature
Materials, Inc.):

E
_ 1
se- 2 (€6~9~ +))12 €z.z) (1)
1-Y
12
E
1
Oy = - (€. + YV . E ) (45)
Z% L _))122 Z2 12 ~p.gt
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The circumferential stresses are approximately equal, of opposite sign, on the in-
side and outside surfaces. The axial stresses are larger in tension on the outside
surface than the compressive stresses on the inside surface. This is customary and
sometimes is attributed to the effect of growth and mandrel restraint. It is also
to be noted that the axial stresses decrease near the free end, which may be due to
the fact that all axial stresses become zero at the end.

The principle conclusion drawn from the residual stress test results
is that there is no evidence of a large change in the residual stresses for any of
the anneal cycles. The circumferential stresses are of the most interest since the
ruptured tubes were nct loaded axially, and probably the rupture failures occurred
in tension at the inside surface. From the center station circumferential stresses
on the inside surface (shown in Table IV) it is possible to see a partial correla-
tion between the residual stresses and rupture pressure of tubes exposed to the
same heat treatment. Although the inner tensile stress in the two as-deposited
tubes was higher than all but one of the heat treated tubes, that one tube (No. 22)
was heat treated the same as Tube 21, which recorded a very high rupture stress.

On the other hand, there is a consistent trend between decreasing residual stress
in Tubes 4, 2, and 6, and the corresponding increased strength of their companion
tubes, Numbers 3, 1, and 5. However, the decrease in indicated residual stress is
less than the increase in hoop strength in corresponding tubes. That is, the
residual stress decreases from 3360 to 2880 in Tubes 4 and 6, while the héop -
strength increases from 2720 to 5770 in the corresponding ruptured tubes. This
suggests that the strength of the tubes might be controlled by localized stress
concentrations which are not fully indicated by strain gage measurements, but which
are being released by the heat treatment.
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V. PYROLYTIC MATERIALS TESTING

A. Plasma Torch Oxidation Tests

Oxidation of pyrolytic materials by water vapor was investigated using
the plasma torch with secondary mixing chamber described in Reference 1. Argon and
about T% hydrogen were heated in the plasma arc, and hydrogen and oxygen were added
in the secondary mixing chamber to provide a stoichiometric mixture, with the ef-
fluent containing 30% of water vapor by weight. All samples were placed 1.5 inches
from the exit of the secondary mixing chamber.

Previous experience indicates that the oxidation rate of pyrolytic
graphite samples heated to between 3000° and 4OOO°F by this plasma torch are much
higher than at the throat of a free-standing motor operating at 100 psia with

N.O /O b N H),-0.5 UDMH. However, the plasma tests are considered valuable as an
igdlcatlon of the relative oxidation rates of various materials when exposed to
water vapor, which is the principle oxidizing agent in many combustion gases. The
results for eleven pyrolytic materials are given in Table V.

Boron nitride near 3900°F had a much smaller erosion rate than pyro-
lytic graphite, which is consistent with the results of earlier testing. Additions
of Mo and Zr to BN lessened its oxidation resistance.

The titanium carbide sample appeared melted far below its expected
melting temperature, which may have been due to melting of its oxides. An alloy of
tungsten in pyrolytic graphite eroded much more than pyrolytic graphite, confirming
similar results reported in Reference 1.

Thin coatings of hafnium carbide and zirconium carbide on ATJ graphite
rapidly oxidized, but the oxidized coating showed very good adherence to the graph-
ite, although ultimately a failure would occur. The adherence of the hafnium oxide
seemed to be somewhat better than that of the zirconium oxide. The coatings on
these samples were found to be about 0.001L inch thick rather than 0.010 inch as
ordered. The adherence of the thinner coating to the graphite is probably superior/

The average erosion rate of the alloy of 20% by weight of zirconium
carbide in pyrolytic graphite was about one-fourth of that of pyrolytic graphite,
due to the retardation of oxidation caused by the presence of the zirconium oxide.
The oxide momentarily adheres to the surface, then is removed by the shear forces
of the gas flow and is immediately replaced by a new oxide layer from the rapidly
oxidized zirconium carbide. Whether the oxide would adhere long enough to be
beneficial under the shear forces in a motor throat is not known.
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B. Acetylene Torch Oxidation Tests

Several pyrolytic materials were tested in an oxygen agetylene flame.
The results:are showni in!'TableVVI.

Most of the weight loss of the graphite samples coated with HFC and
ZrC was due to oxidation of the graphite after coating failure.

The magnhesium oxide sample had the greatest oxidation resistance of
any material yet tested, with almost negligible change after a 15 minute test at
3900°F (uncorrected). The sample tested actually consisted of a cluster of con-
tiguous crystals. The boundary planes between crystals, although evident before
the test, did not appear to separate or crack during or after the test.

C. Compatibility Tests

Five minute immersion tests were made to determine the compatibility
at room temperature of NoOy, 90% hydrogen peroxide, monomethyl hydrazine and 50%
hydrazine-50% UDMH with the following materials:
1. Pyrolytic graphite
2. Tungsten - pyrolytic graphite alloy
5. Boron - pyrolytic graphite alloy
4. Boron nitride
5. Titanium carbide
6. 20% zirconium carbide - pyrolytic graphite alloy
T. Tantalum carbide coating on pyrolytic graphite
8. Hafnium carbide coating on graphite
9. Zirconium carbidé coating on graphite
10. Silicon carbide
11. Boron nitride - molybdenum alloy
12. Boron nitride - zirconium alloy

No reactions or weight changes of the materials were detected.
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VI, MOTOR FIRING TESTS

A number of motors made in part or wholly of pyrolytic materials were
tested, using NoO) with either monomethyl hydrazine or a 50-50 mixture of hydrazine
and UDMH. Detailed test data are given in Table VII. A description of each type
of motor and a summary of test results follows:

A. Composite Pyrolytic Graphite Motor

The composite motor consisted of a pyrolytic graphite combustion
chamber liner and an edge oriented pyrolytic graphite throat, surrounded by a
graphite case within a steel shell, as shown in Figure 40. Two composite chambers
were made. Chamber No. 1 was tested for three runs (5, 6, and T) of approximately
30 seconds each, separated by several minutes off time. Run No. 8, intended for
longer duration, was terminated due to a pin hole failure through the steel case
near the junction of the edge oriented throat and the chamber liner. Otherwise,
very little erosion was evident on the liner and throat, with an unusually low
average throat erosion rate of 0.0l mil/sec. The low erosion rate was no doubt
due in part to the fact that steady state temperatures were not reached in the edge
oriented pyrolytic graphite, which has a high radial thermal conductivity.

The liner and throat of composite chamber No. 1 were used to make
another composite assembly which was also used to test an annular insert of graph- :
ite coated with a pyrolytic coating developed by Marquardt and discussed in Section
VIII of this report. The annular insert fit snugly within the chamber liner as
shown in Figure L40. However, the insert expanded during firing more than the pyro-
lytic graphite liner, causing a crack in the liner and burnout during run No. 16,
which consisted of two 30-second firings plus a third firing of 19 seconds. The
pyrolytic RM-005 coating did not appear to be affected by the combustion gases or
the thermal expansion. The throat erosion rate on the edge oriented pyrolytic
graphite throat during run 16 was 0.0366 mil/sec, about three times greater than
measured on the same throat insert during runs 5 through 8.

Composite chamber No. 2 was also tested with an annular insert in the
combustion chamber, and although the insert 0.D. had been reduced to provide clear-
ance within the liner, the liner again failed because of thermal expansion of the
insert. Throat erosion on the throat insert of chamber No. 2 was about the same as
for the first runs on chamber No. 2. Again, RM-005 coating on the combustion cham-
ber insert did not appear to be affected. Combustion efficiency during the com-
posite motor tests ranged between 93 and 97%.

B. Free-Standing Boron Nitride Throat

Two motors composed of a pyrolytic boron nitride throat liner salvaged
from free-standing motors, within a reinforced phenolic chamber and throat, were
tested in 30 second runs separated by off times which varied from run to run.

Chamber No. 1 was tested for four 30 second runs (9 to 12) plus cne
20 second run (13). Its appearance after the tests is shown in Figure 41l. The
throat erosion rate was about O.4T mil/sec. Combustion efficiency was 94 to 98%
for these tests.

Chamber No. 2 had a very thin throat insert, and no erosion data were
obtained due to rapid failure.
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C. Edge Oriented Boron Nitride Throat

Two motors made of reinforced phenolic with edge oriented pyrolytic
boron nitride throats were tested. The throat erosion of one motor was 0.19 mils/
sec over a total testing time of 122 seconds. The second motor was tested for 10
runs of 30 seconds each, after which the throat was almost completely destroyed
(Figure 42). Combustion efficiency was about 96%. No precise erosion rate data
were obtained.

The motor firing tests show that the oxidation or erosion rate of
pyrolytic boron nitride is much greater than that of pyrolytic graphite in this
type of combustion gas.

D. Tapered Pyrolytic Graphite Motors

A tapered free-standing pyrolytic graphite motor was designed to mini-
mize residual stresses which had caused internal wall delaminations at the throat
and near the injector flange of the 100-pound thrust motor tested prewviously .(Refer-
ence 1l.) Development of a light weight attachment between the motor and injector
was also desirable. The design consists of a conical combustion chamber, a conical
expansion skirt, and a large radius of curvature in the throat region. The axisl
residual stress at the throat of such a motor would approach that of Condition 1,
shown in Figure 8, as the radius of curvature increases.

Four sea level motors (€. = 1.38) and one altitude motor (E¢ = 40)
were purchased from Berylco. The chamber and skirt conical half angles were T°,
30° and 15°, respectively. A throat radius of curvature of 3 inches, a throat
diameter of 0.860 inch, and wall thicknesses of 0.040 to 0.050 inch were specified.
The contraction ratio at the injector face was L.l and L* was 8.3 inches. A sea
level motor is shown attached to the injector in Figure 43 and disassembled in
Figure L4. The disassembled altitude motor is shown in Figure 45. All four motors
were X-rayed; no delaminations were found. The wall thickness at the throat of the
altitude motor was 0.042 inch.

The four sea level motors were proof tested with water while attached
to a dummy injector head and sealed at the throat. Two were checked at 100 psig,
a third at 150 psig and the fourth failed at 90 psig. The failure indicated a
local high stress region which might have been caused by misalignment of the motor
during assembly of the motor and injector.

The dry injector-motor seal was satisfactory in the proof tests; one
or two drops of water leaked after 5 to 8 minutes at proof pressures. The injector-
motor seal is formed by seating the conical chamber on a conical shoulder of the ind
jector as shown in Figure 46. A large compressive stress between the inner chamber
surface and the tapered shoulder is maintained by eight spring loaded bolts acting
on a split steel ring through a continuous outer ring as shown in Figure L6.

The injector head assembly built for this motor, including valves, was
pressure flow checked. The spray pattern indicated that all fuel flow stream tubes
were biased to the right of the centerline, giving a spiral effect at impingement.
Oxidizer flows were normal. The best flow pattern was an oxidizer/fuel ratio of
about 1.6; as the O/F was increased toward 2.0 the pattern became even more unsatis-
factory.
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Attempts to adequately test a sea level motor using NQOM/O.5 NoH)-0.5
UDMH at an O/F of 1.6, were unsuccessful due to low efficiency combustion of about
T . Burning runs of 3.4, 9.9, 30.5, and 30.6 seconds were made, but the motor
barely became hot. No erosion of the motor occurred, and the motor injector seal
was satisfactory. No further motor tests are planned until combustion efficiency
is improved.

Part of the reason for the low efficiency may be due to the short I¥;
however, good efficiency has been obtained from other 100-pound thrust motors using
an IL* of 8 inches. It is possible that the conical combustion chamber will require
a greater L¥, but more probably the poor performance was caused by the bad fuel
spray pattern.

Although a low combustion efficiency during the tapered motor tests
prevented a complete evaluation of the design, some important results have been ob-
tained from the tapered motor program, as follows:

1. A complete thrust chamber with a 40:1 expansion skirt was fabrica-
ted from pyrolytic graphite for the first time.

2. The one motor which was fired did not fail although exposed to
some sharp chamber pressure fluctuations due to rough combustion.

3. The light weight conical attachment between injector and motor
was found to provide a satisfactory pressure seal. A somewhat
more severe sealing problem will be encountered when the chamber
wall temperatures reach their maximum values with good combustion
efficiency, but the results so far are encouraging.

4. ©No delaminations were found in any of the four tapered motors,
even though the thickness-radius ratio at the throat was about
0.10.
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An investigation was made of the feasibility of brazing the a-b plane
of pyrolytic graphite to Type 321 stainless steel. Twelve difference commercial
braze alloys were evaluated to determine their ability to wet and bond to pyrolytic
graphite. These alloys were IM Nicrobraz, Standard Nicrobraz, J- 8100 J-8300,
CM-50, CM-53, CM-60, CM-62, ' AGC-1, AGC-T, Ag-Mn, and Au-Ni.

‘ Four of the above brazes wetted and bonded to pyrolytic graphite more
readily than the others. They were: Ag-Mn, CM-62, AGC-T, and J-8300. However, when
these alloys were used to attach pyrolytic graphite to Type 321 stainless steel, the
joints failed on cooling by delamination of the pyrolytic graphite. A successful
braze was apparently achieved between the Type 321 SS and the surface of the pyro-
lytic graphite, but differential contraction on cooling caused a delamination fail-
ure beneath the surface of the pyrolytic graphite.

A mechanical test bar was designed with a slotted channel in one end
for insertion of the pyrolytic graphite. In this way, the shear stress acting on
the braze joint would be symmetrical on both sides of the pyrolytic graphite. The
joint was brazed with J-8300 alloy at 2145°F for 20 minutes in an argon atmosphere.
A J-8300 braze filler was obtained from General Electric Company. Its composition
is 61% Ni, 19% Cr, 10% Si and 10% Mn.

Two specimens were brazed, but both contained partial fractures or
delaminations in the pyrolytic graphite after cooling.

Efforts to braze pyrolytic graphite to Mo/0.5% Ti alloy, Zircalloy-2
and Fansteel 80 are reported in Reference 3. A large number of braze alloys were
used, but failure due to delamination occurred in all cases. When an intermediate
layer of ZT graphite was placed between the pyrolytic graphite and the Mo/O 5% Ti,
an apparently sound joint was formed, but failed at a shear stress of about 100 psi
at room temperature. After“c"o'nsideration of the difficulties reported above, and
the additional problems which would be encountered in using a brazed joint at high
temperatures, it was decided to curtail further effort in brazing.
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VIII. OTHER PYROLYTIC MATERIALS

Pyrolytic materials other than pyrolytic graphite were evaluated for
use in liquid propellant combustion chambers, and their present state of develop-
ment is described below, based in part on results reported in Reference 1.

Boron Nitride

Pyrolytic boron nitride has superior oxidation resistance at tempera-
tures below 4OOO°F. However, at higher temperatures it more readily oxidizes, and
it appears that boron nitride is inferior to pyrolytic graphite. It has the same
type of anisotropy as pyrolytic graphite, but is not as strong, so that it is not
promising as a chamber material for oxidizing combustion gases.

Titanium Nitride

A thin sample of TiN was tested with a piece of graphite behind it to
resist the force of the plasma torch exhaust. This material is quite brittle, and
the 0.009 inch thickness was completely consumed in 100 seconds in the plasma torch.
The oxidation rate of TiN could not be obtained from this test, but structurally it
does not appear promising.

Carbides

A number of carbides were tested in water vapor during this and the
preceding study (Reference 1). They included ZrC, HfC, NbC, TaC, TiC, and SiC.
With the exception of SiC, most of the carbides oxidized quite readily. Thin
coatings of HfC and ZrC, although rapidly oxidized, form refractory oxides with a
melting temperature of 5020°F for HfO, and 4850°F for ZrO,. Durability of these
thin oxides layers is unpredictable. NbC and TaC oxidized readily, or spalled off
of their pyrolytic graphite substrates. The sample of TiC evidently oxidized, and
it was glso quite brittle and did not show any promise as a load ¢arrying material.

Silicon carbide is the only carbide which offers any possibility of
use as a load carrying oxidation resistant material. Brittleness is its principle
problem. Samples of silicon carbide on graphite received from Raytheon were thinner
than the samples tested previously, so no more tests were performed during this
period.

Marquardt has developed a SiC type pyrolytic coating, RM-005 and this
coating is presently being evaluated under other programé. Two free-standing cyl-
inders were made from the combustion chamber annular inserts mentioned in Section
VI by oxidizing the graphite. The cylinders of RM-005 which remained contained
hair line cracks.

Ezroid

Space Age Materials Corporation has developed a new method of produc=-
tion of pyrolytic graphite which permits deposition of thicknesses far in excess of
those possible by the conventional techniques. They have named this material
Pyroid. Two free-standing Pyroid chambers were procured, using the inner dimen-
sions of the free-standing 100 pound thrust motor tested in previous work Reference

UNCLASSIFIED - 33 -



MAC A6T3

Ao

UNCLASSIFIED VAN NUYS, CALIFORNIA

revorr___2992

1. One of the chambers is shown in Figure 47, and an X-ray of the motor is shown
in Figure 48. The exit inside diameter is about 1.25 inches, and the wall thickness
about 0.75 inch. Numerous delaminations exist within the wall, but even so this
type of structure might be practicable. A large growth in the converging section

is shown in the X-ray. The two Pyroid motors were not tested because of defects
which might be eliminated with further development.

Pyrolytic Graphite Alloys

The most promising new pyrolytic materials are alloys of ZrC and HEC
in pyrolytic graphite. Raytheon reports strength of an alloy of 20% ZrC in pyro-
lytic graphite of 50,000 and 100,000 psi for two tests. The alloy approaches the
ductility of pyrolytic graphite which is much less brittle than the pure ZrC.
Similar alloys of other carbides in pyrolytic graphite are possible. No free-
standing shapes of any of the carbide alloys have been made. As noted in Section
V, the oxidation resistance of the 20% ZrC alloy is also improved, at least in the
plasma torch environment.

Elements alloyed with pyrolytic graphite include tungsten and boron.
Neither element seems to improve oxidation resistance; in fact it is lower with
tungsten. Boron in small amounts was one of the first substances to be alloyed
with pyrolytic graphite. However, it does not seem to add to the strength or oxi-
dation resistance, in fact there is some evidence that delaminations occur more
readily in the boron alloy.

~ UNCLASSIFIED T
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IX. CONCLUSIONS

1. Free-standing pyrolytic graphite thrust chambers have been shown
analytically to be structurally feasible for combustion gas temperatures near
5000°F, and for chamber pressures up to about 150 psia. Operation at higher pres-
sures is limited by tensile strength and residual stresses of the material.

2. Limitations of feasibility are only slightly affected by chamber
size, so that a wide range of thrust levels is possible. Since permissible chamber
wall thickness is proportional to motor dimensions, a larger motor can have a
thicker wall, so that it will be proportionally less affected by a given amount of
erosion than a smaller motor.

5. Free-standing pyrolytic graphite thrust chambers may be feasible
for combustion gas temperatures above 5000°F, but analytical confirmation would re-
quire consideration of growth and the variation of elastic properties of pyrolytic
graphite with temperature.

L. None of the four residual stress cases studied were markedly supe-
rior. A residual stress distribution which is advantageous for one loading condi~
tion will be relatively unfavorable for another loading condition. This is due to
the anisotropic nature of pyrolytic graphite. A finer discrimination between
various residual stress conditions would require consideration of the temperature
dependence of the elastic properties used in the analysis.

5. An increase in strength of pyrolytic graphite in thrust chamber
configurations would permit operation with thicker walls and at higher chamber
pressures. The measured strength of small thrust chambers and cylinders is usually
between 4000 to 8000 psi, as contrasted to the tensile strength of flat samples of
well over 10,000 psi.

6. Several heat treatment histories imposed on pyrolytic graphite
cylinders evidently increased the strength from about 5000 psi to as much as 9000
psi. However, it appears that the average strength of the cylinders tested was
lower than that of similar cylinders produced in the past. Whether strengthening
could be achieved in pyrolytic graphite which is initially stronger, or whether ad-
diticnal strengthening could be achieved by further heat treatment is not known.

T. ©Strength and residual stress in pyrolytic graphite cylinders
fluctuates considerably for supposedly identical specimens. All testing should be

representative samples.

8. Pyrolytic boron nitride is inferior to pyrolytic graphite as an
oxidation resistant material in the combustion chamber environment.

UNCLASSTFTED - 35 -



MAC ACT3

%lqualdi 5992

UNCLASSIFIED VAN NUYS, CALIFORNIA rePORT

9. An alloy of 20% zirconium carbide shows a promising improvement in
oxidation resistance over that of pyrolytic graphite, based on plasma torch tests.
Tensile strength of this material appears to be much greater than pyrolytic graph-
ite.

10. Pyroid, a new form of pyrolytic graphite, RM-005, a silicon
carbide type pyrolytic material, and an alloy of zirconium carbide in pyrolytic
graphite are the only pyrolytic materials besides conventional pyrolytic graphite
which were found to be potentially useful in liquid propellant thrust chambers.

X. RECOMMENDA TIONS

1. Further study of heat treating effects is recommended to better
understand its capability for strengthening of pyrolytic graphite.

2. Reasons for the difference between tensile strength of pyrolytic
graphite in flat specimens and cylinders should be studied. Such a study should at-
tempt to correlate tensile strength with mandrel design, deposition conditions,
ncdule size, and other variables of production.

3. Analysis and testing of advanced pyrolytic materials for thrust
chamber applications should be continued. An alloy of 20% zirconium carbide in
pyrolytic graphite, a silicon carbide type material and Pyr01d are especially
recommended for further study.

L. Motor firings of a tapered pyrolytic graphite thrust chamber
should be continued in order to fully define its operating characteristics.

5. All testing of pyrolytic graphite should be done in quantities
sufficiently large to define the variation as well as the average properties of
supposedly identical items.
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TABIE T

AVERAGE WALL THICKNESS OF TUBES BEFORE MACHINING

Tube Thickness Tube Thickness
No. (in.) No. (in.)
1 0.067 1k 0.070
2 0.065 15 0.067
3 0.073 16 0.067
i 0.072 17 0.075
5 0.069 18 0.072
6 0.069 19 0.072
3 7 0.071 20 0.072
8 0.075 21 0.07k
9 0.068 22 0.070
10 0.068 23 0.065
11 0.068 2l 0.067
12 0.068 '25 0.065
13 0.068 26 0.065
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ANNEAL HISTORY OF PYROLYTIC GRAPHITE TUBES

TABLE II

gg?e “?ﬁ?iiie Weig?gmgifore Weig?zmigter Anneal History
1 Radiation 54,6134 54,0773 50 cycles between 500°F-2000°F
2 Radisation 54,0611 53.5929 50 cycles between 500°F-2000°F
3 Radiation 54,9806 54,844 10 cycles between 500°F-2000°F
4 Radiation 54.0521 53.9071 10 cycles between 500°F-2000°F
5 Radiation 54,8272 50.9916 250 cycles between 1000°F-2000°F
6 Radiation 54 . 4579 52.0931 250 cycles between 1000°F-2000°F
N6 heat treat
8 Radiation 55.0208 5% . 3264 250 cycles between 1000°F-2000°F
9 C-W 55.8558 55.8520 30 cycles between 2500°F-3000°F
in 7 hours
10 |c-w 55.2753 55.2711 30 cycles between 2500°F-3000°F
in 7 hours
11 C-Ww 55.5942 -- 7 hours at 2500°F
12 C-W 55.88L0 -- T hours at 2500°F
13 Radiation 55.8603 53,7720 250 cycles between 1000°F-2000°F
1k No heat treat .
15 C-W 55.6T17 55.6724 7 cycles between 2500°F-4500°F
in T hours
16 C-W 54,9776 54.9705 7 cycles between 2500°F-4500°F
in T hours
17 Marshall 55.8712 54,3906 30 hours at 2500°F
18 Marshall 55 .5507 54.9794 30 hours at 2500°F
19 C-W 55.2618 55.2576 25 hours at 3200°F
20 C-W 55.8007 5547935 25 hours at 3200°F
21 C-w 554750 55. 4748 7 hours at 3200°F
o0 | c-W 55 . 7603 55.758% 7 hours at 3200°F
23 No heat treat
24 No heat treat
25 No heat treat
26 No heat treat
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TABLE III
RESULTS OF PRESSURE RUPTURE TEST

Rupture Inside Wall Pressure

Tube Pressure Radius Thickness Stress
No. (psig) (in.) (in.) (psi)
1 210 1.007 0.058 3650
3 160 1.00k4 0.059 2720
> 315 1.007 0.055 5770

*7 156 1.0%* 0.055%*% 28LO**
8 143 1.009 0.055 2620
10 200 1.006 0.059 3410
12 195 1.003 0.061 3210
13 245 1.008 0.057 4330
*¥1h en 1.006 0.059 1260
15 140 1.009 0.058 2440
17 340 1.005 0.059 5790
19 120 1.002 0.059 2040
21 315 1.002 0.060 5260
*23 T0 1.008 0.059 1200
*#25 60 1.007 0.060 1010

* Tested in as-deposited condition.

*%* Approximate

ONCLASSTFTED
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TABLE IV

RESULTS OF RESIDUAL STRESS TEST

Distance £ Residual Stresses - psi
Tube From . Circumferential Axial
No. End 1 Outside Inside Outside Inside
2 0.5 0.057 -2540 2040 4090 -2090
2.0 0.057 -1850 3160 5290 -2980
i 0.5 0.056 -2480 2320 4340 -1370
2.0 0.057 -1800 3360 5270 -2180
6 - 0.5 0.05k4 -3110 2950 2490 - 500
2.0 0.054 -2400 2880 3490 -2260
9 0.5 0.058 -3620 -- 2770 --
2.0 0.058 -3010 3730 4000 -2080
11 0.5 0.057 -3050 3290 2420 - 730
2.0 0.059 -2020 3380 4210 -28L40
18 0.5 0.058 -2440 2240 4370 -1860
2.0 0.057 -2470 3380 4080 -2130
20 0.5 0.058 -1180 2920 2740 -1280
2.0 0.058 -2760 3510 3240 -1710
22 0.5 0.058 -3250 3120 2580 -1170
2.0 0.057 -2650 3790 3250 -1870
*2l 0.5 0.057 -3110 3130 2010 - 870
2.0 0.057 -3110 3800 3750 -1230
#6 0.5 0.057 -3590 3440 2630 - 848
2.0 0.057 -2910 3660 3130 -2780
* Tested in as-deposited condition.
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APPENDIX A

SUMMARY OF NOMENCLATURE

Symbol Description Unit

Ac Engine cross-sectional flow area sq in.

A Dimensionless quantity defined by Eq. (22) --

a, Constant defined by Eq. (27) --

a; Constant defined by Eq. (27) --

B Constant defined by Eq. (31) --

c Elastic stiffnesses %E{%%ﬁi

c Constant defined by Eq. (32) -

Cl Constant of integration --

CF Thrust Coefficient -

02 Constant of integration --

05 Constant axial strain --

C* Characteristic velocity fps

D Constant defined by Eq. (33) -

Dy Throat diameter ins.

E Modulus of elasticity (Young's Modulus) ?b ip'g
1ln./1n.

27 Axial load on cylindrical combustion chamber 1bs

Hj Constants defined for j = 1 -5 by Egs. (36) to (40) -

0/F Oxidizer/fuel flow rate ratio --

Pc Chamber pressure psia

r Radius of motor shell in..

rS Outside radius of motor shell in.

ri Inside radius of motor shell in.

s Elastic compliances EE;ZEE;
1b/in.2

T Temperature increment from stress-free state °F

UNCLASSITFIED ~ ok -




MAC ACT3

W gt

UNCLASSIFIED VAN NUYS, CALIFORNIA serorr___ 0992

APPENDIX A (Continued)

Symbol Description Unit
Tc Combustion gas total temperature °F

t Thickness of motor shell in.

u Radial deflection of motor shell | in.

vy Integral defined by Eq. (25) --

v, Integral defined by Eq. (26) -

oC Coefficient of thermal expansion in./in./°F
€ Elastic strain in./in.
€c Chamber contraction ratio --

P Thermal stress coefficient -

b)) Poisson's ratio , --

o Elastic stress 1b/in.°

s

o;-s- Hoop stress psi

(o Axial stress psi

g (r) Defined by Eg. (23) --
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